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Camellia twig blight (CTB) is caused by
Colletotrichum gloeosporioides (Penz.) Penz. & Sacc. (teleomorph: Glomerella cingulata (Stoneman) Spauld. & H. Schrenk). The disease is prevalent in the southern United States because many cultivars of the Camellia species C. japonica, C. reticulata, and C. sasanqua grown in this region are susceptible to infection by the pathogen (6, 7, 10, 14) , and environmental conditions in this region are favorable for disease development (3, 10, 21, 29) .
The methods currently followed to control CTB include the application of fungicides (thiophanate methyl, propiconazole) to protect against infection through fresh leaf scars in the spring and through wounds following the collection of propagation wood, the removal of blighted stems that could serve as a source of inoculum, the application of a low rate of a balanced fertilizer to avoid rapid growth associated with increased CTB susceptibility, and the collection of stems for vegetative propagation from nonsymptomatic plants (3, 5, (8) (9) (10) 14, 15, 17, 21) . A few Camellia spp. cultivars have tolerance to C. gloeosporioides (6, 7) ; however, typical of many ornamental plant selections, consumers select Camellia spp. cultivars primarily based on horticultural traits and not strictly on disease tolerance ratings.
Some of the basic pathology information from which controls for CTB were developed has been based on a combination of field experiments and observations (3) (4) (5) 10, 15, 17, 22) . However, the information does not completely explain disease development on camellia nor coincide with data about Colletotrichum diseases on other hosts (2, 27, 29) . With CTB, the primary infection period for C. gloeosporioides has been attributed to conidia infecting through leaf scars resulting from natural leaf senescence in May and June (3, 10) . Camellias are broadleaf evergreens that shed older leaves during the spring. The naturally resulting wound is reported to be vulnerable to infection for several days. Stem blight of small diameter shoots can develop in as little as 7 days (10) . While CTB symptoms commonly appear during the spring, they also appear during the summer and fall months. There are two possible explanations for the appearance of CTB symptoms over a protracted time period: (i) infection can occur over a longer period of time before, during, and/or after leaf scars are susceptible; and (ii) incubation periods associated with leaf scar infections are highly variable, giving rise to the appearance of symptoms over an extended period of time. Can et al.'s (10) observation that leaf wilting symptoms can take up to 3 months to develop partly supports the latter explanation. However, their observations included larger stems older than 2 years in age and thus may not apply to current or previous year's stems, which are smaller in diameter.
The incubation period has not been studied extensively for Colletotrichum spp. in woody tissue or even in herbaceous stems. The progression of disease symptoms caused by Colletotrichum species and/or histological studies of the infection process have been described for alfalfa stems (25) , cassava stems (34), custard apple seedlings (31) , northern jointvetch seedlings (32), pine seedlings (24) , poplar stems (23), and strawberry petioles (11) . While periodic assessments were performed, none of these studies distinctly measured the incubation period.
Disease control methods typically must be applied prior to infection. Hence, understanding primary and secondary inoculum production relevant to tissue susceptibility and the incubation period (time from infection to the first appearance of a symptom) is important for evaluating control methods based on disease intensity measurements. While comparable data do not exist for CTB, Colletotrichum species can produce conidia through most of the year from woody tissue in areas with mild to moderate winters (16, 19, 35) and potentially produce ascospores in the southeastern United States (33) . The incubation period associated with infection of woody stems may be variable. Can et al. (10) observed that the incubation period varied with temperature, by size and age of stems, by cultivar, and by other factors, although they provided no objective, quantitative measurements in support of those statements.
The purpose of this research was to develop a basic understanding of differences in the CTB incubation period through the annual cycle of the four seasons. We wished to determine if inoculation of ca-mellia plants with C. gloeosporioides in different months over the course of 2 years led to incubation periods of differing lengths. Inoculation procedure. An isolate of C. gloeosporioides (CG02g) was recovered from blighted Camellia sasanqua 'Rosea' stems collected from a container-grown plant from a southern Mississippi nursery in May 2002. Agar blocks, 36 mm 2 , were removed from the leading edge of mycelium growth to produce multiple plates. Conidial spore suspensions of 1 × 10 5 conidia/ml 10% (wt/vol) nonfat dry milk solution were stored on silica gel in 16 × 125 mm test tubes with threaded caps at 5°C (13) . The single isolate was used throughout the study to minimize variability. For each inoculation period, a few grains of infested silica gel were set on Difco potato dextrose agar (PDA) in 100mm plastic petri plates and grown at 21°C under 12 h diurnal light and dark for 3 to 4 days.
MATERIALS AND METHODS
Twenty-two periods (individual sets of plants) were run from June 2003 to April 2005. A period was defined as a set of plants inoculated at a monthly interval. All plants of a period were inoculated in a single day toward the end of a month. For the purpose of labeling, periods hereafter are referenced by the month following inoculation, which reflected the early ambient conditions to which plants were exposed and the use of temperature as an explanatory variable (see Statistical analysis section). Two to six stems were woundinoculated per plant on three to five plants, totaling 10 to 17 inoculated stems per period. Stem diameter was measured with a metric caliper at the point of inoculation prior to inoculation. For the first six periods, stem selection consisted of those with a diameter range of 2.0 to 4.9 mm at the inoculation point. In the later 16 periods, starting with the seventh period, a narrower stem diameter range of 1.5 to 2.9 mm was used. Plants were wounded 2 to 7 cm from the terminal end of a stem by cutting off a leaf, typically the fourth to seventh from the apical end, at the base of its petiole with a sterile scalpel. Terminal branch ends are the youngest stem growth on the plant. A 3.6 mm 2 piece of agar with the leading edge of young mycelium, where conidium production had not yet been initiated, was placed against the wound and sealed with Parafilm. Plants were kept at approximately 23 to 27°C/15 to 19°C day/night temperatures in a greenhouse for 3 days; thus the incubation period response was isolated from the infection process. Seventy-two hours later, the Parafilm and agar block were removed and plants were placed outside on the production pad. Plants were subsequently exposed to the natural range of fluctuating ambient temperatures that occur in the Gulf Coast climate concurrently with seasonal differences in host physiology.
To verify that neither wounds nor the inoculation technique resulted in unintentional infections, three stems per each of two plants were agar-inoculated. A 3.6 mm 2 sterile block of PDA was placed on the wound and sealed with Parafilm for 3 days in the greenhouse. The agarinoculated plants were placed on the production pad, at least 18 m and upwind from the inoculated plants and at least 13 m from the plants that would be inoculated in later periods.
To provide a measure of the month-tomonth variance in isolate pathogenicity and/or in the rate of disease development due to the plant's seasonal change in physiology (active growth to dormancy), two upper-stems per plant were agarinoculated and two mid-to lower-stems per plant were pathogen-inoculated for two plants as previously described. The plants were maintained in the greenhouse and hand-watered as needed at the base of the trunk.
Disease assessment and weather data. Plants were monitored weekly for symptoms, typically on Monday, Wednesday, and Friday, throughout the study period. The initial appearance of symptoms was marked by at least one of the following conditions: leaves with chlorotic or reddish tissue, marginal necrosis, wilted leaves that had a dull green-gray color, or leaves that were completely necrotic. It should be noted that not all plants progressed through successively worsening symptoms of disease; hence the first sign of disease (whether it was mild or severe in appearance) indicated the end of the incubation period. Periods were terminated when all or most of the pathogen-inoculated stems had become completely blighted or no changes had occurred in the few remaining pathogen-inoculated stems for two or more weeks. This resulted in periods that were not uniform in length. Plants that were agar-inoculated at the start of a period and maintained on the production pad were checked at the same time. Plants that were agar-and pathogen-inoculated at the start of the period and maintained in the greenhouse were terminated separately from the plants maintained on the production pad, usually within 34 to 40 days after the inoculation date.
When a period was terminated, all inoculated stems were pruned several centimeters below the inoculation point and surface-sterilized for 1 min in 10% bleach. Using flame-sterilized scalpels, slices of the stem were removed at the margin of healthy-appearing and discolored wood below the inoculation point and 3 to 6 cm distal of the inoculation point, which typically was completely dead wood. Stem slices were plated on PDA and recovery of C. gloeosporioides and Glomerella cingulata recorded. For stems that had not become blighted, the extent of internally discolored wood above and below the inoculation point and percent internal discoloration around the circumference of the cambial region were recorded.
Because temperature likely played an important role in the length of the incubation period, it was continuously monitored for inclusion as an explanatory variable in the model. Daily temperature was recorded in 15-min intervals, using a HOBO H8 Pro Series temperature and relative humidity data logger (Onset, Pocasset, MA). The data logger was maintained in a radiation shield and positioned 33 cm above the production pad, beside the plants.
Statistical analysis. The time (in days) from inoculation until appearance of the first initial symptom(s) of disease was modeled using Cox proportional hazards and extended Cox models for survival analysis. The Kaplan-Meier method was used to produce estimates of the incubation curves and median incubation period lengths. Survival analysis represents the most appropriate statistical methods available to handle time-to-event data, especially when censoring or time-dependent covariates are involved (1, 18, 28) . While the Cox proportional hazards model can be used for data in which the hazard ratios remain constant over time, the extended Cox model (a modified version) should be used when the proportional hazards assumption is violated. The exact procedure for handling ties (assumed ties are the result of imprecise measuring because stems were not inspected daily) was used. The hazard regression model for timedependent covariates has the following form:
where t is time to event, x is a vector of covariates or explanatory variables, and β is a vector of unknown parameters to be estimated; h 0 (t) is a baseline hazard function that involves time but not the predictor variables; and exp[x′(t)β] is a linear function of a set of predictor variables that accounts for time-dependence such as nonproportional hazards in the model. Explanatory variables which were tested for inclusion in the models included a categorical period variable representing the 22 inoculation periods, a continuous temperature variable based upon the average hours per day within a specified temperature range (STR) of 15 to 30°C for the month following inoculation, a categorical season variable, stem diameter, and stem leaf number. Initially, a categorical period variable representing the inoculation periods was included in the model because it was part of the experimental design of the study. However, it quickly became clear that interpretation of this variable in the proportional hazards models would be difficult. Hence the STR variable was created to replace the period variable. Different methods for representing the temperature-based variable were used in an effort to account for the variability seen among the 22 inoculation periods. These measurements included mean hours per day within a specified temperature range for the week of, month of, and month after inoculation; and mean temperatures for the month and week after inoculation. The mean hours per day were calculated by summing the number of hours within a specified temperature range for the defined time interval (cumulative effect) and dividing this total by the number of days in the time interval (weighted effect). Various temperature ranges were used in the models (ranging from 13 to 30°C) with the final range selection based upon Aike's information criteria for model fit and the P values of the variable coefficients.
The categorical season variable was comprised of four classes, representative of different growth phases associated with the four seasons of the year, and based on a combination of observational notes and quantitative leaf-growth data taken from the plants. The winter season representing dormancy was composed of December, January, February, and March. The spring season representing leaf and stem growth was composed of April, May, and June. The summer season representing stem hardening and bud set was composed of July, August, and September. The fall season representing cessation of leaf and stem growth and opening of flowers was composed of October and November. The month of inoculation was used to classify the season category.
During the initial course of the experiment (July 2003 to December 2003; periods 1 to 6), it was noted that incubation period length appeared to be affected by stem diameter even though fairly uniform stems had been selected. Since stem diameter was not purposely included as a treatment factor in the experiment, stems were selected with an even more uniform diameter starting with February 2004 (period 7) and thereafter. However, we felt it prudent to include stem diameter as a covariate in the Cox regression models based upon the observations concerning a possible stem diameter effect in the first six periods.
Survival analysis relies upon the assumption of independence of the observations, a potential concern for this study since multiple stems from the same plants were included in the analysis. To ensure that correlation among stems of the same plants was not a problem, one-way analysis of variance (ANOVA) tests for incubation period length were performed sepa-rately for each of the 22 periods with plant representing the factor. If the betweenplant variance was significantly greater than the within-plant variance, this would lend evidence in support of significant correlation between stems of the same plant (e.g., stems from the same plant were behaving as individual groups instead of as one large group). Additionally, to test all 22 periods together, a random effects ANOVA using a hierarchical structure for plants nested within a period was also performed for incubation period length. Results were considered significant at the nominal level of 0.05. All statistical analyses were performed using SAS version 9.1 and SPSS version 14.0.
RESULTS
Twenty-two different inoculation periods occurred over the course of 23 months, spanning three calendar years (July 2003 to May 2005). For year one, inoculation periods corresponded to all calendar months except for January. For year two, inoculation periods corresponded to all calendar months except for June. A total of 274 inoculated stems comprised the field data, while 85 stems comprised the greenhouse data. The percentage of censored stems (those that did not display a disease symptom by the last day of the observation period) ranged from 0 to 41.2% (December 2003) for the field plants and from 0 to 50% (September 2003) for the greenhouse plants (Table 1) Table 1 ). The range of median survival times for the greenhouse data was larger than expected for plants not exposed to natural weather conditions. However, when included as a covariate in the field data model, median survival time for the greenhouse plants was not a significant factor in the model. Figure 1 illustrates the strong, negative relationship between median incubation period length and monthly mean hours within the STR for the month following inoculation.
Despite the lack of external symptom expression, all censored stems had internal stem necrosis associated with the point of inoculation, and C. gloeosporioides was recovered on PDA from the margin of healthy and necrotic internal wood (data not shown). Stems that were agarinoculated (noninoculated) monthly and placed in outdoor ambient conditions or in the greenhouse did not develop external or internal disease symptoms.
Independence assumption. Results from the individual one-way ANOVA tests for differences in the appearance of disease symptoms among plants revealed statistical significance in only two of the 22 periods: March and May of 2004 (P = 0.0083 and 0.0321, respectively). In addition, results from the hierarchical ANOVA revealed that while 54.1% of the variability was coming from the period variable for incubation length, essentially no variability (0%) was coming from the plant variable. The ANOVA results suggested that observations from different twigs on the same plant can be considered independent for incubation period length.
Kaplan-Meier estimates of seasonal survival curves and median ratios (field data). It is evident that winter incubation period lengths were much greater than incubation period lengths of the other three seasons (Fig. 2) . Additionally, it appeared that fall incubation period lengths were greater than both the spring and summer lengths for approximately the first 50 days, after which all three curves were similar in shape. The spring and summer incubation curves were similar in appearance throughout their incubation period lengths.
The median incubation period lengths for the winter, spring, summer, and fall months were 57, 18, 23, and 28 days, respectively ( Table 2 ). To estimate the magnitude of benefit to an experimental unit by providing a measure of rate, median ratios were also computed (30) . Based on median ratios, infected stems exposed to temperatures during the spring, summer, and fall would develop symptoms at a 3.2, 2.5, and 2.0 times faster rate, respectively ( Table 2) , than infected stems exposed to temperatures during the winter months.
Cox extended model (field data). The overall best fit for the field data was provided by a model that included stem diameter, a continuous temperature variable representing monthly mean hours/day within a STR for the month following inoculation, a categorical (dummy) variable representing season, and interaction terms for season and time to account for the nonproportionality present in the season variables. The STR was defined as temperatures ranging from 15 to 30°C. Time is the number of days from inoculation to expression of an initial symptom. The fit of the data, including the selection of model variables and the STR temperature range, was based upon Aike's information criteria and P values of the variable coefficients (or hazard ratios).
The interpretation of a multinomial categorical variable is highly dependent on the reference category. We used the winter season as the reference category because it was representative of stems with the longest incubation periods. Stem diameter had an estimated hazard ratio of 0.466 indicating a protective effect on disease symptom appearance ( Table 3 ). This result indicates that for every 1-mm increase in stem diameter there is a 53% [(0.466 -1) × 100%] decrease in risk of symptom appearance. Monthly mean hours/day in the STR for the month following inoculation had an estimated hazard ratio of 1.073 indicating a negative effect on disease symptom appearance (Table 3 ). Hence, every 1-h increase in the mean/hours in the STR resulted in a 7% increase in risk of symptom appearance.
The longest incubation periods occurred during the winter season, the months (December to March) when plants are dormant to coming out of dormancy. Using the winter season as the reference category, the fall, spring, and summer seasons were all significantly different from winter, as can be evidenced by their significant hazard ratios. Stems infected during the spring, summer, and fall had hazard ratios of 27.0, 24.1, and 2.9, respectively ( Table 3 ). This means that infected stems exposed to spring, summer, and fall temperatures had approximately 27, 24, and 3 times the chance of manifesting a disease symptom, respectively, than did one exposed to winter temperatures.
Cox proportional hazards model (greenhouse data). The overall best fit for the greenhouse data was provided by a model that included only stem diameter as an explanatory variable. Neither the continuous temperature variable representing monthly mean hours/day within the STR nor the categorical season variable was significant in the model, as would be expected since these plants were not exposed to seasonal temperature variances. Stem diameter had an estimated hazard ratio of 0.442, indicating a protective effect on disease symptom appearance (Table 3 ). This result indicates that for every 1-mm increase in stem diameter, there is a 56% decrease in risk of symptom appearance. This estimated decrease in risk is very close to that observed with the field data (53%), indicating that the effect is fairly robust in the presence of monthly temperature variances and seasonal effects.
DISCUSSION
The length of an incubation period differed based on the month a stem was inoculated with C. gloeosporioides. It is quite evident that inoculation in the late fall and winter months results in longer incubation periods for infected stems than does inoculation in the spring and summer months. Based upon the hazard ratios, there is an approximately 3-to 27-fold increase in risk of disease symptom appearance for fall to spring exposure, respectively, compared to winter. The hazard ratios for both the spring and summer seasons should be interpreted cautiously, since their interactions with time were significant, indicating that their hazard functions were not proportional over time. Hence, the greatest difference in risk of symptom appearance between the spring and summer seasons versus the winter season is at the beginning of the stem's exposure to seasonal temperatures, and this difference decreases over time (based on hazard ratios less than one). Complementing the hazard ratios, the median ratios indicate that winter exposure results in an approximately 2 to 3 times longer incubation period length than does exposure in the other three seasons.
Although infection was not a natural event in the study, results indicated that symptoms which develop in May to June could potentially be a result of infections that occurred from February to May, when the median incubation periods ranged from being relatively long to short. The potential for longer incubation periods during winter months brings into question the possibility of infections from ascospores or conidia during late winter that result in symptoms that appear in late spring, thus overlapping the appearance of symptoms that result from infections by conidia through fresh leaf scars in spring. Periods of warm temperatures, favorable for spore production, occur during the winter months in the Gulf Coast region. In both temperate and tropi-cal climates, conidia of C. gloeosporioides have been captured from February to November from blighted twigs of other crops (16, 35) . No one has reported on the development of G. cingulata on camellia in the southern United States, nor has it been confirmed with strawberry anthracnose in Florida, although it is suspected to be present (33) . We recovered perithecia of G. cingulata several times in vitro (data not shown). This shows that an isolate from camellia in this region can produce perithecia but does not verify development of perithecia under ambient conditions. Confirmation of whether the teleomorphic state is produced in nature, when ascospores would be released, and whether conidia are likely produced during winter months could influence timing of earlyseason fungicide applications. This knowledge would also impact the selection of cultural practices that increase wounds during that time, such as selective pruning.
A significant hazard ratio was associated with the mean hours per day within the STR for the month following inoculation, and indicates an increased likelihood for blight symptoms to develop for every additional hour in the 15 to 30°C range. Although temperature contributed as an explanatory variable for differences in incubation period length, additional understanding of the influence of temperature could be derived from modeling the temporal response pattern of CTB development. Temporal modeling of diseases caused by Colletotrichum spp. on other crops showed the maximum rate of disease development occurring at several different specific temperatures, but all within the 15 to 30°C range (12, 20, 26) . The influence from seasonal differences in host physiology versus temperature on incubation period length was not clearly identified in our data, especially since season was not a significant factor in the model for plants grown in the greenhouse where temperature was regulated. Stem diameter was also a significant factor in the model and indicated a decreased risk of disease symptoms developing with each 1-mm increase in stem diameter. Can et al. (10) also observed that incubation periods varied by size and age of stems. Anecdotal comments from camellia enthusiasts agree with Can's observations. Surprisingly, the stem diameter range of 1.5 to 4.9 mm resulted in a significant hazard ratio, although we attempted to standardize stem diameter. It would be expected that a larger hazard ratio for stem diameter would result if stems up to 40 mm in diameter were included. Camellia is a slow growing plant, and the range of stem diameters used in this study is representative of newly developing to 2-year-old stems. Hence, our study results are applicable to young stems, which typically are most susceptible to twig blight. While C. gloeosporioides does infect and blight small-diameter stems more frequently than large-diameter stems, smaller stems often branch off of larger stems. The larger stems often become infected due to blight of smaller branches. Cankers can develop on the larger stems where infection of a smaller branch occurred. Furthermore, the entire distal end of a larger stem can develop blight in a manner similar to that of smaller stems.
We demonstrated seasonal differences in incubation period lengths while accounting for stem diameter and the number of hours temperature was between 15 and 30°C. However, the incubation period of CTB is only one component of disease development. Knowledge concerning incubation periods needs to be combined with understanding of seasonal inoculum production, inoculum sources (blighted stems, cankers, leaf spots), spore release patterns, conditions that favor infection, and disease progression to provide a more comprehensive understanding of CTB.
